A model for solute redistribution in a spherical geometry is developed and applied for equiaxed solidification to determine the growth kinetics under the condition of moving boundary. By coupling with the macroscopic model for thermal calculation, the time-dependent growth rate of the advancing interface, interface concentration as well as the concentration distribution in both the bulk liquid and solid can be accurately calculated. The relationships between the growth rate and concentration, the solidification parameters and the alloy physical properties can also be calculated.
Introduction
Prediction of microstructure formation is of great importance due to its control of the properties of solidified alloys. Thus, the fundamentals of crystal growth kinetics attract numerous research interests [1] [2] [3] [4] [5] [6] [7] [8] [9] but the understanding of equiaxed crystal growth is inadequate because of the complexity of the process. Basically, the processing of crystal growth relies only on the undercooling, AT, in the liquid, which is given as AT = AT, + AT r + AT C + AT k (1) where AT, , AT r , AT C and AT k are the thermal, curvature, constitutional and kinetic undercooling, respectively. The kinetic undercooling can be neglected during normal solidification of non-facet crystals because it is very small compared with other contributions. Thus, growth is dependent on the thermal conditions, size of a nucleus (especially at the beginning of solidification during which the size of a nucleus is very small) and alloy composition (solute diffusion). Macroscopic models [10] , based on a thermal diffusion equation in which the amount of latent heat released is supposed to depend only on the temperature, are usually used to calculate the temperature field and the fraction of solid within a casting. Since microstructure features have a great impact on the mechanical properties, it is essential to incorporate realistic microscopic models of solidification into macroscopic models to describe microscopic phenomena such as: undercooling in columnar or equiaxed growth; nucleation; the columnar-to-equiaxed transition and crystal growth. In this paper, the model to be presented is based on the solutions of diffusion equations for equiaxed morphology both in the solid and the liquid. The solutions are coupled with mass conservation in the solute boundary layer. This solute model is incorporated into a macroscopic heat-flow model. The results are discussed and compared with experimental results obtained for Al-Si alloys.
Model Description

Solute model
The physical model of equiaxed growth is schematically shown as Fig. 1 . A nucleus of radius R n forms at the critical undercooling for nucleation AT N , and then grows within the element. The assumed geometry and the solute concentration profile developed in the solid and liquid phases are presented. The solute transport of the element starts concomitantly with solidification. The initial interface is at r = R n and it grows in the r direction. It can be considered as a semi-infinite diffusion problem since the radius of the nucleus is much smaller than the distances to adjacent nuclei. Meanwhile, R n is assumed to be zero to solve diffusion equations as it is very small comparing to the solute diffusion length, but is taken into account to calculate the curvature undercooling. Assuming that the diffusion coefficient is independent of concentration and that diffusion only depends on the r coordinate (i.e. has spherical symmetry), the transient diffusion equation for solute in the solid (subscript S) and liquid (subscript L), respectively, has the form 
where B=2R'
The concentration at r = 0 can be calculated as 
where V* is the velocity of the advancing interface.
Using equations (3) and (4) to calculate the solute gradient, the concentration in the solid and liquid at the interface can be given as In this article, -a is assumed to be 1 K/s. where pc is the volumetric heat capacity, Δ//' the volumetric latent heat of fusion, and fs the solid fraction.
The undercooling: The space-dependence of the constitutional undercooling zone during the initial transient equiaxed solidification at any time can be calculated. The equilibrium liquidus temperature T[ for any point in front of the interface at a given time is given by
where mL is the liquidus slope, and CL can be derived from equations (3a) and (3b).
The local temperature Tlocal in the liquid any point in front of the interface can be given as
where Τ = -a + T H is the cooling rate. Thus, the undercooling during the initial transient solidification is given by Growth rate of the sphere at the interface: From equation (10) , the undercooling at the interface which is driving the interface movement is given by ΔΓ* = ATn -ft -ATr (11) Then the growth rate of the advancing interface can be calculated by KGT model [15] , and is given by
where or, and a 2 are constants for a given alloy, and can be either roughly estimated or determined from experiments. As a crystal grows, the solute will be rejected and then enriched ahead of the solid/liquid interface. This will result in the interface retardation described by Huang et al. [16] and Warren and Langer [13] , it is given by
where dC*L I dt can be derived by Equation (4) . Then, the actual growth rate of the interface, is given by
Thus, the time-dependent radius of solidified solid R' is given by
where Ω^, is the volume of the calculation domain. This model shows a dynamic effect of interface retardation on the solute enrichment. When the solute is built-up ahead of the solid/liquid interface, a barrier is being established by the solute build-up that retards the growth rate of the interface. On the other hand, the decrease of growth rate caused by interface retardation will result in the smaller degree of solute enrichment because of the decrease of the rejected solute from the liquid to solid transformation. However, this is then becoming the driving force to increase the growth rate due to the reduction in the amount of released latent heat and weaker interface retardation.
Results and Discussion
The model is applied to Al-3% Si alloys solidifying with an equiaxed morphology. The thermophysical properties of the alloys used in the calculations can be found in Table I . Table 1 Thermophysical properties of Al-Si alloys [6 , 14] Figure 2 (a) shows the time-dependent growth rate of the advancing interface. At the beginning of solidification, the contribution from growth undercooling to the total undercooling is quite small because the curvature undercooling is very large due to the very small nucleus radius. Thus, the growth rate is very small (close to zero). As the solidification continues, the undercooling for growth increases due to the decrease in the temperature of the liquid and an increase of the crystal size, and the growth rate increases rapidly to achieve a maximum value (around 62 μτη Is), and then decreases considerably to a small value (a few μτη Is), caused by recalescence. It should be noted that the interface retardation due to solute enrichment impacts significantly on the solidification process. In Figure 2(a) , it can be seen that the interface retardation changes the growth rate distribution with time considerably. Fig.2 The time-dependent growth rate of the interface (a) and the radius of the solid (b) for an Al-3%Si alloy at a cooling rate of lK/s Compared with the result calculated without the effect of interface retardation, the maximum growth rate is much smaller (62 compared to 105 μτη Is), and it reaches the maximum growth rate much more rapidly. The deviation of the distribution is also much narrower. The present model reasonably predicts that the maximum growth rate of crystals during the recalescence because the undercooling for growth during this initial transient processing should achieve its maximum value shortly after the point of recalescence. It is obvious that this is different from the result that predicted by Hodaj and Durand [17] in an Al-Cu alloy, which stated that the maximum growth rate was achieved before the recalescence during equiaxed solidification. The radius curve has three regimes: the first one is dominated by the curvature effect, the second by the thermal and solutal diffusion, and the third by the effect of reheating. Both Figure 2 (a) and (b) shows that the interface retardation has a very small influence on the growth rate and radius of the solid at the very beginning of solidification (solidification time less than 0.15s) although it impacts greatly on the whole solidification processing. Figure 3 shows the time-dependent interface concentration in the liquid according to equation (4), and compared the results with Tiller's model for planar solidification. The result shows that the concentration at the interface is building up during solidification, but the solute build-up during planar solidification is much faster than that during equiaxed solidification because the rejected solute from the liquid-to-solid transformation is required to "fill" a much greater spatial volume of the diffusion boundary layer for the spherical geometry at the same growth rate. This difference will lead to a considerable error in final solidification features such as grain size, microsegregation, the amount of remaining eutectic phase if one uses the existing theories derived from planar solidification such as Scheil's equation to determine solidification processing. This figure also shows the influence of interface retardation on solute build-up. The degree of solute build-up is smaller with interface retardation. Figure 4 shows the concentration profile in the liquid ahead of the advancing interface for different times. As time increases, the solid/liquid interface is advancing into the liquid, the interface concentration is being built up and the thickness of the solute boundary layer is increasing simultaneously. The concentration in the liquid ahead of the interface decreases from the interface concentration to the initial concentration of the alloy within the boundary layer. 
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Conclusions
A new model for equiaxed solidification, coupled with a macroscopic model for the thermal diffusion calculation and microscopic model based on the solution of solute diffusion equations both in the solid and liquid, has been developed. The model is able to predict the growth kinetics of equiaxed crystals during solidification, time-dependent solute profiles in both the solid and liquid, and solute build-up at the interface. The relationship between growth rate and the position of the advancing interface can also be investigated. 
